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The productions of massive gauge bosons, Z0 and W+/W−, in heavy-ion reactions at the LHC,
provide an excellent tool to study the cold nuclear matter effects in high-energy nuclear collisions.
In this paper we investigate Z0 and W+/W− productions in p+Pb and Pb+Pb at the LHC, at
NLO and NNLO with DYNNLO incorporating the nuclear PDFs (nPDFs) parametrization sets
EPS09 and DSSZ, within the framework of perturbative QCD. The numerical simulations of the
transverse momentum spectra, rapidity dependence, and related nuclear modification factors for Z0
and W particles, as well as the charge asymmetry for W boson, are provided and tested against
the latest experimental data. It is found that the theoretical results with EPS09 and DSSZ nPDFs
can give good descriptions of the recent data on Z0 and W± particles in p+Pb and Pb+Pb within
the experimental error bars, though some differences between results with EPS09 and DSSZ can be
observed, especially in the rapidity dependence of the Z0 yield. Theoretical predictions for future
measurements on Z0 and W in p+Pb and Pb+Pb collisions at the LHC are also provided.
PACS numbers: 25.75.Bh, 14.70.Fm, 14.70.Hp, 24.85.+p
I. INTRODUCTION
With the running of the Large Hadron Collider (LHC),
the measurement of heavy gauge bosons Z0 andW+/W−
in relativistic heavy-ion collisions has become available
for the first time and attracted a lot of attentions [1–
10]. Through the Drell-Yan (DY) mechanism [11], the
gauge boson production with final state lepton pair pro-
vides an interesting insight on perturbative quantum
chromodynamics (pQCD) for both hadronic and nuclear
collisions. It’s also noteworthy that in the heavy-ion
collisions (HIC), the electro-weak boson production is
hardly affected by the evolution of the extremely hot and
dense QCD matter, since the boson (decayed lepton pair)
mean-free-path in the QCD matter is much longer than
the size of the QCD medium [12–14]. Therefore, the pro-
duction of massive gauge boson is insensitive to the pos-
sible final-state interactions and provides a good probe
of the initial-state cold nuclear matter (CNM) effects in
high-energy nuclear collisions [12–19].
In this paper we focus on the CNM effects on the mas-
sive gauge boson production and investigate the yields of
Z0 andW+/W− bosons in nuclear collisions at the next-
to-leading order (NLO) and the next-to-next-to-leading
order (NNLO) within the framework of pQCD by using
the program DYNNLO [20]. Several important CNM
effects such as the isospin effect, nuclear shadowing ef-
fect, anti-shadowing effect, EMC effect as well as Fermi
motion effect will be included in the numerical simula-
tions of heavy gauge boson production by phenomenolog-
ically utilizing the nuclear parton distribution functions
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(nPDFs) parametrization sets EPS09 [21] and DSSZ [22].
The study presented in this paper is a first attempt
to make a complete theoretical investigation on produc-
tions of three massive gauge boson (Z0 and W+/W−)
in both p+Pb and Pb+Pb collisions at the NNLO. The
transverse momentum and rapidity distribution of Z0
and W+/W− yields, the W boson charge asymmetry in
p+Pb and Pb+Pb collisions will be computed numeri-
cally and compared with the data at the LHC. Further-
more, the difference between results with two different
parametrization sets of EPS09 and DSSZ will be shown,
and their physics implications will be discussed. It is
noted that Z0 nuclear modification factor as a function
of transverse momentum is an optimal tool to study the
alterations of gluon distribution in a nucleus, whereas Z0
yield as functions of the Z0 boson rapidity provides im-
portant constraints on the nuclear modifications of quark
distribution functions. Due to isospin effect, W± charge
asymmetry will be modified significantly in p+Pb and
Pb+Pb collisions and it is found that at the same collid-
ing energy the charge asymmetry in p+Pb collision may
approach that in p+p collision at positive charge lepton
pseudorapidity, but approach that in Pb+Pb at negative
charge lepton pseudorapidity.
Our work is organized as follows: In Section II, we
discuss the gauge boson productions in hadronic colli-
sions through the Drell-Yan mechanism and introduce
the program DYNNLO. In Section III, we study the Z0
boson production in heavy-ion collisions at LHC for both
Pb+Pb at
√
sNN = 2.76 TeV and p+Pb at
√
sNN =
5.02 TeV. We calculate the Z0 boson transverse momen-
tum distribution, rapidity distribution, and the corre-
sponding nuclear modification factor. The parton-flavor
dependent nuclear modification effects on the gauge bo-
son production are discussed. In Section IV, we focus on
the W+/W− boson production in HIC. The isospin ef-
2fect on theW transverse momentum distribution and the
charge asymmetry are mainly discussed. In Section V, we
give the summary and conclusions.
II. Z0 AND W PRODUCTIONS IN HADRONIC
COLLISIONS
To consider the vector boson production in heavy-ion
collisions, as a first step we should know how to com-
pute its production in elementary hadron-hadron reac-
tions. Generally we consider the following inclusive hard-
scattering reaction
h1 + h2 → V +X (1)
where V = Z0/γ∗, W+, or W− with high invariant
mass. Taking Z0/γ∗ production as an example, in the
parton model, the cross section σDY for the Drell-Yan
process with Z0 decaying to a lepton pair can be cal-
culated by weighting the subprocess cross section σˆ for
qq¯ → Z0 → ll (at the lowest order) with the parton dis-
tribution functions (PDFs) of quark q(x, µ) and that of
anti-quark q¯(x, µ), and then summing contributions of all
quark-antiquark combinations in h1 and h2 as [23, 24]
σDY =
∑
f
∫
dx1dx2[q1(x1, µ)q¯2(x2, µ)
+ q¯1(x1, µ)q2(x2, µ)]× σˆqq¯→V (q)→ll . (2)
Here V → ll stands for the process of Z0/γ∗ → l+l−.
In calculating the production of the massive gauge
bosons, higher order corrections to Eq. (2) play an im-
portant role. At the next-to-leading order which gives
perturbative expansions at O(αs), there are two kinds
of new contributions: (1) the real corrections, and (2)
one-loop virtual corrections to the leading order (LO)
subprocess; at the next-to-next-to-leading order which
gives calculations at O(α2s), three kinds of contributions
should be included: double real corrections, real-virtual
corrections, and two-loop virtual corrections to the LO
subprocess [20, 25–28]. In the last two decades, some
numerical approaches of computing massive gauge bo-
son productions in hadronic collisions at the NLO and
NNLO have been developed [20, 28, 29]. In this work,
the Drell-Yan process cross sections of Z0 and W+/W−
are calculated by using the NNLO computation program
DYNNLO [20], which includes all the higher order cor-
rections at O(αs) and O(α2s) mentioned above and also
takes into account finite-width effects, γ − Z0 interfer-
ence, the leptonic decay of the vector bosons as well as
the corresponding spin correlations.
Besides considering the total yields of massive gauge
bosons and their rapidity dependence, we also investi-
gated their transverse momentum spectra. Although the
lowest order of the DY process in Eq. (2) gives impor-
tant contribution to the total yield, it does not give non-
vanishing transverse momentum pVT . Therefore, when
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FIG. 1: (Color online) The normalized Z0 boson differential
cross section as a function of pZT in p+p collisions at
√
s =
7 TeV. The ATLAS combined data are taken from Ref. [37].
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FIG. 2: (Color online) Top panel: the ratio of the normalized
Z0 cross section at O(α2s) to that at O(αs). Bottom panel:
the deviation between theory for the Z0 production at O(α2s)
and ATLAS data [37].
pVT 6= 0, the (N)NLO contributions of total yield are given
by the (N)LO contributions to the final state V+jet(s).
So the leading-order contribution to the total cross sec-
tion (or rapidity distribution) of Z0 is given by qq¯ → Z0,
whereas for Z0 transverse momentum distribution, the
processes of qq¯ → V + g and qg → V + q provide the
dominant contribution. It is also noted that in comput-
ing transverse momentum spectra at sufficiently small
pVT , the resummation technique will be needed to get ro-
bust predictions [30–34]. In this work we will investigate
rapidity dependent cross section of the massive gauge
boson and its transverse momentum distribution at large
pVT region with DYNNLO, which has been shown to give
descriptions on the total cross section and rapidity distri-
bution of the vector boson as well as its large transverse
momentum spectrum at Tevatron [20].
3In this paper to compute numerically heavy gauge bo-
son productions at (N)NLO with DYNNLO (version 1.4),
Martin-Stirling-Thorne-Watt (MSTW) 2008 [35] sets of
parton distribution functions (PDFs) are chosen, and the
NNLO PDFs are used in calculations at the O(α2s) and
the NLO PDFs in those at the O(αs). The renormal-
ization scale (µR) and the factorization scale (µF ) are
both fixed at the value µR = µF = mV , with mV the
mass of the vector boson. One intensive study about the
impact of the renormalization and factorization scales
on the gauge boson rapidity distribution can be found
in Ref. [36], and discussions about these scales on the
transverse momentum spectrum calculation can be seen
in Ref. [37]. Generally, the calculations with higher order
pQCD corrections have less dependence on the scales.
The productions of massive gauge bosons in the
proton-proton collisions at
√
s = 7 TeV have been stud-
ied by measuring their transverse momentum and rapid-
ity distributions. We confront the theoretical calculations
with these measurements to test the validity of pertur-
bative QCD calculations of the heavy gauge boson pro-
ductions.
In Fig. 1 we compare the theoretical calculations of
the normalized Z0 differential cross section (1/σ)dσ/dpZT
with the ATLAS measurement which combines the chan-
nel of Z0/γ∗ → ee with the channel of Z0/γ∗ → µµ. The
final state fiducial phase space is defined by the lepton
pseudorapidity and transverse momentum, and by the
invariant mass of the dilepton: |ηl| < 2.4, plT > 20 GeV
and 66 GeV < mll < 116 GeV [37]. We see the O(α2s)
results agree very well with the data in the region of
pZT > 10 GeV. To see the relative contributions of higher
order corrections, and the deviation between theory and
experiment we plot in Fig. 2 the ratios of the O(α2s) re-
sults to the O(αs) results, and the ATLAS data to the
O(α2s) results. It is observed that the O(α2s) calculations
give about 10% ∼ 40% more contributions than those
of O(αs) to the differential cross sections as a function
of pZT , and the differences between theory and data are
rather small.
TABLE I: The total cross sections for massive gauge bosons
in p+p collisions at
√
s = 7 TeV. The calculations are done
for the ATLAS fiducial volume; see text for definition.
Vector cross section(nb) cross section(nb)
Boson at O(αs) at O(α2s)
Z0 0.45 ± 0.0002 0.458 ± 0.0008
W+ 3.000 ± 0.0016 3.062 ± 0.0092
W− 2.025 ± 0.001 2.045 ± 0.0048
In TABLE. I we list the theoretical simulation of the
total cross sections of Z0 and W+/W− in the fiducial
phase space at the NLO and NNLO for p+p reactions
at the LHC. It is seen that the total cross sections of
the gauge bosons at the NNLO will be enhanced slightly
as compared to those at the NLO. The errors of theo-
retical calculations shown in the table, are provided by
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FIG. 3: (Color online) The normalized Z0 boson differential
cross section as a function of rapidity in p+p at
√
s = 7 TeV.
The CMS data are taken from Ref. [38].
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FIG. 4: (Color online) Top panel: the ratio of the normalized
Z0 cross section at O(α2s) to that at O(αs). Bottom panel:
the deviation between theory for the Z0 production at O(α2s)
and CMS data [38].
the DYNNLO program according to an estimate of the
numerical errors in the Monte Carlo integration [20].
The normalized differential cross sections as a func-
tion of Z0 boson rapidity in the invariant mass interval
60 GeV< mll < 120 GeV are measured by CMS col-
laboration [38]. We show our numerical results with the
CMS data in Fig. 3, and we find that both the O(α2s) and
O(αs) calculations have good agreements with the data.
We also plot in Fig. 4 the ratios of the O(α2s) results to
the O(αs) results, and the CMS data to the O(α2s) re-
sults. The results at O(α2s) are slightly larger than those
at O(αs), just like the case of total cross sections calcu-
lations.
The transverse momentum distribution of W bosons
is also studied, and the theoretical calculations as well
as the experimental data by ATLAS are illustrated in
Fig. 5. Both the theory and data are made in the
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FIG. 5: (Color online) The normalized W boson differential
cross section as a function of pWT in p+p collisions at
√
s =
7 TeV. The ATLAS combined data are taken from Ref. [39].
fiducial phase space, which is defined by the pseudo-
rapidity and transverse momentum of charged lepton,
the transverse momentum of neutrino, and the trans-
verse mass as |ηl| < 2.4, plT > 20 GeV, pνT > 25 GeV,
mT =
√
2plTp
ν
T (1− cos(φl − φν)) > 40 GeV [39].
Figures 1-5 demonstrate that the pQCD calculations
of heavy gauge boson productions at the (N)NLO with
DYNNLO can give satisfactory descriptions of the ex-
perimental data, and thus provide a very good theoreti-
cal tool to study the productions of the gauge bosons in
relativistic heavy-ion collisions and related cold nuclear
matter effects.
III. Z0 BOSON PRODUCTION IN HEAVY-ION
COLLISIONS
To extend the investigation of the gauge boson pro-
ductions in p+p collisions to that in p+A and A+A reac-
tions, cold nuclear matter (CNM) effects should be taken
into account, even though final-state hot/dense QGP ef-
fects (which may exists in Pb+Pb collisions at the LHC)
will not affect the production of the gauge boson produc-
tion due to its much larger mean-free-path relative to the
size of the QGP [15, 16, 18, 19, 32, 40–42]. To include
several CNM effects (such as shadowing, anti-shadowing,
EMC effect, Fermi motion etc.) on heavy gauge boson
production in computing the cross sections in heavy-ion
collisions, we replace the parton distribution functions
(PDFs) of the free proton with the nuclear parton dis-
tribution functions (nPDFs) [21, 22]. We note that the
effect of parton energy loss in cold nuclear matter [43–45]
has not been included in this approach and we may defer
it in a future study.
Usually to construct a set of nPDFs, we can choose a
set of free proton PDFs fp(x, µ), and then implement nu-
clear modifications on them, where x is the momentum
fraction and µ is the scale. In parametrizations of nPDFs
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FIG. 6: (Color online) The yields d2N/dydpZT in MB Pb+Pb
collisions at
√
sNN = 2.76 TeV. The blue dash curves are
error of the O(α2s) calculations caused by 〈TAB〉MB . The
CMS data (muon) are taken from Ref. [2, 10].
such as EPS09 [21] and DSSZ [22], the nuclear modifica-
tions to the PDFs are defined through flavor and scale
dependent factors Rf (x, µ). One can obtain the parton
distribution of the nuclear proton fp,A(x, µ), by multi-
plying the factor with the free proton’s PDFs as:
fp,A(x, µ) = Rf (x, µ)f
p(x, µ). (3)
The PDFs for the nuclear neutron fn,A(x, µ) can be de-
rived from those of the bound proton by assuming the
isospin symmetry as [21, 22],
dn,A(x, µ) = up,A(x, µ), (4)
un,A(x, µ) = dp,A(x, µ).
The PDFs of other flavor partons in the neutron are the
same as those of the proton. In this way, the nPDFs
fA(x, µ) can be obtained as [21, 22]
fA(x, µ) =
Z
A
fp,A(x, µ) +
N
A
fn,A(x, µ) (5)
where Z and N are the number of protons and neutrons
in a nucleus with mass number A. In this paper, the pro-
ton PDFs are taken from MSTW2008 where the NNLO
PDFs are provided, and the nuclear PDFs modification
factors Rf (x, µ) are from EPS09 and DSSZ, which are
two most widely used parametrization sets of nPDFs.
In the Glauber approach, the cross sections and yields
in p+A and A+A collisions, can be derived from the
nucleon-nucleon cross section, by multiplying the number
of nucleon-nucleon collisions 〈Ncoll〉 and the nuclear over-
lap function 〈TAB〉, respectively [46, 47]. In this work,
the yields of minimal bias (MB) reactions are obtained
with the 〈TAB〉MB given by the CMS collaboration. [2]
Recently the Z0 boson productions in p+Pb colli-
sions at
√
sNN = 5.02 TeV and in Pb+Pb collisions
at
√
sNN = 2.76 TeV have been measured at the
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LHC [2, 4, 5, 7, 10]. As a first example we study the
transverse momentum distributions of Z0 in heavy-ion
collisions and the corresponding nuclear modification fac-
tors. Figure 6 shows the theoretical simulations of the
yields d2N/dydpT of Z
0 → µµ per MB event as a func-
tion of pZT in the Z
0 boson rapidity range |y| < 2.0
for Pb+Pb collisions at
√
sNN = 2.76 TeV. The re-
sults are compared with the CMS muon data, which
have been measured in the Z0 invariant mass interval
60 GeV< mµµ < 120 GeV [2, 10]. Our yields are ob-
tained by multiplying cross section per nucleon-nucleon
collisions by the average nuclear overlap function for
minimum bias collisions 〈TAB〉MB = (5.66± 0.35)mb−1,
which is the same as that used in Ref. [2]. We can see
in Fig. 6 that the theory could give a decent description
of the data in Pb+Pb collisions, though at very low pT
region a deviation between theory and data is observed.
We note that at small pT , a good treatment of resumma-
tion of leading log or next-to-leading log contributions in
p+p reactions may be needed for a more precise compar-
ison in Pb+Pb collisions.
In Fig. 7 we plot the pZT dependence of the 〈Ncoll〉
scaled differential cross sections in Pb+Pb with EPS09
and DSSZ nPDFs as well as that in p+p at O(α2s). To
see the nuclear effects more clearly, we define the nuclear
modification ratio RAA as
RAA(pT ) =
dσAA/dpT
〈Ncoll〉dσpp/dpT (6)
The ratio as functions of other variables, such as rapidity
can be defined similarly.
In Fig. 8 the RAA as a function of p
Z
T is plotted. A
small enhancement could be observed in the large pZT re-
gion ( ∼ 20−200 GeV) for both EPS09 and DSSZ nPDFs.
To better understand the RAA(p
Z
T ), we made the follow-
ing analysis at the order O(αs). At this order, we have
the relationship [48] of the momentum fractions x1 and
x2 of initial partons with the narrow width approxima-
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The factorization scale is fixed at the boson mass.
tion assuming mll ∼ mZ/W as
x1 = (ET3e
y3 + ET4e
y4)/
√
s,
x2 = (ET3e
−y3 + ET4e
−y4)/
√
s, (7)
where y3 and y4 are the rapidity of the vector boson
V and of the parton recoiling against it, and ET is the
particle transverse energy defined as ET =
√
p2T +m
2.
At the central rapidity with y3 ∼ y4 ∼ 0, we derive a
simple relationship
x1 = x2 = (ET3 + ET4)/
√
s. (8)
In the partonic process, with pT3 = pT4 and by neglect-
ing the parton mass one can obtain in the narrow width
approximation that
x1 = x2 =
pT +
√
p2T +m
2
Z/W√
s
, (9)
6which connects the initial parton momentum fractions
with the gauge boson transverse momentum in the mid-
rapidity region at leading order.
Because of the large mass of Z0 boson (or W boson),
the momentum fraction x can not be too small in the
mid-rapidity boson production. Even with pZT = 0, for
heavy-ion collisions at
√
sNN = 2.76 TeV, one obtain
x ∼ mZ/√sNN ∼ 0.033, which is in the vicinity of anti-
shadowing region [21, 22, 49] for the EPS09 nPDFs. This
underlies the enhancement at large pZT .
Figure 8 shows that differences exist between the re-
sults of EPS09 and DSSZ nPDFs. For example, more
enhancement is given by EPS09 in the region of pZT .
130 GeV, but DSSZ gives persistent enhancement even
when the yields of EPS09 go down in the larger pZT region
( > 130 GeV), which can be seen more obviously in the
insert of Fig. 8. To have a deeper understanding of these
differences, we plot in Fig. 9 the flavor dependent factors
of both EPS09 and DSSZ as Rf (p
Z
T , µ) by replacing the
parton momentum fraction x with pZT , where the relation
of x and pZT is given by Eq. (9). One can observe that the
nuclear modification factors of the u and d valence quarks
are similar for EPS09 and DSSZ. However, obvious dis-
tinctions could be found for u sea quarks (those for d sea
quarks are similar as u sea quarks, thus aren’t shown),
especially for gluons. In the region of pZT . 130 GeV, the
nuclear PDF of u sea quark is shadowed in DSSZ while
it is anti-shadowed in EPS09, and the anti-shadowing ef-
fects for gluons are very weak in DSSZ but much stronger
in EPS09. Because partonic subprocesses with at least
one initial-state gluon (for example, uv + g → u + Z0
and dv+ g → d+Z0 at LO) give dominant contributions
to Z0 production at large pT , RAA(p
Z
T ) could provide
a good tool to distinguish different parametrizations of
gluon distributions in nuclei [18]. In TABLE II we have
listed the theoretical results and CMS data for RAA. It
could be seen that the numerical results of RAA in both
EPS09 and DSSZ show a suppression at small pT and
an enhancement at large pT , whereas the CMS data give
a zigzag dependence on pT . However, because the ex-
perimental uncertainty of the CMS data is rather large,
the theoretical results still roughly fall inside the experi-
TABLE II: The Z0 boson nuclear modification ratios RAA
calculated in pZT bins and the corresponding CMS data [10].
RAA(p
Z
T ) :
O(α2s) O(α2s) CMS
pZT ( GeV) EPS09 DSSZ Data
[0, 5] 0.909 0.901 0.99± 0.09 ± 0.08
[5, 10] 1.018 0.980 1.29± 0.14 ± 0.11
[10, 20] 1.071 1.000 0.93± 0.10 ± 0.08
[20, 30] 1.064 1.002 1.27± 0.20 ± 0.11
[30, 40] 1.028 1.008 1.18± 0.31 ± 0.10
[40, 50] 1.129 1.068 1.28± 0.40 ± 0.11
[50, 100] 1.084 1.049 0.89± 0.28 ± 0.07
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mental band with the large experimental error bars, and
a more precise measurement will be needed for a robust
comparison between the theory and the data.
For p+Pb collisions at
√
sNN = 5.02 TeV, the differ-
ential cross sections as a function of pZT are calculated
in the Z0 boson invariant mass interval 66 GeV< mll <
116 GeV, as adapted by the ATLAS experiment [5, 37].
What should be mentioned for p+Pb collisions is that for
the asymmetric collision system, the center of mass frame
for the colliding nucleon pair is not the same as the lab-
oratory frame. At the LHC, the relationship of rapidity
between them is yc.m. = ylab − 0.465. Here we calculate
the pZT distribution in the rapidity region |yc.m.| < 2. In
Fig. 10 we show results with EPS and DSSZ nPDFs at
the O(α2s) and find the difference is small.
The nuclear modification ratios RpA(p
Z
T ) are plotted
in Fig. 11. For EPS09 nPDFs, enhancements could be
observed in the pZT region of about 10 ∼ 300 GeV. For
DSSZ, suppressions exist in the region pZT . 40 GeV
and enhancements appear in the larger pZT region. Com-
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FIG. 12: (Color online) The yields dN/dy versus the Z0 boson
rapidity yZ in MB Pb+Pb collisions. The blue dotted dash
curves represent errors of the O(α2s) calculations caused by
〈TAB〉MB . The data are taken from CMS [10].
pared to results in Pb+Pb, the suppression and enhance-
ment regions in p+Pb become wider because of the larger
colliding energy
√
sNN in p+Pb. For example, with
pT = 200 GeV the Eq. (9) gives the parton momen-
tum fraction x ∼ 0.083 for p+Pb in the central rapidity
y3 ∼ y4 ∼ 0, which is in the anti-shadowing region in
EPS09. But the momentum fraction x given by Eq. (9)
may fall in the EMC region [21, 22, 49] for Pb+Pb colli-
sions at 2.76 TeV. Also we note the CNM effects will be
less pronounced for p+Pb, the smaller colliding system
as compared to those in Pb+Pb.
Next we focus on another important observable in
Z0 boson productions, i.e. its rapidity distribution.
The yields per MB event dN/dy in Pb+Pb collisions at√
sNN = 2.76 TeV are calculated numerically and com-
pared to the CMS data [2, 10] in Fig. 12. One can observe
that results at O(α2s) and O(αs) are close to each other,
and O(α2s) calculations slightly enhance the total yields.
We also note that the experimental error bars are rather
large and to make a robust comparison more precise mea-
surement may be needed.
In Fig. 13 we compare the differential cross section of
Z0 in Pb+Pb with that in p+p, and give the related nu-
clear modification ratios RAA(y
Z) in Fig. 14. In Pb+Pb
collisions, considerable distinction between results with
EPS09 nPDFs and those with DSSZ nPDFs could be ob-
served. Relative to that in p+p, the yield of Pb+Pb with
EPS09 shows an enhancement in the mid-rapidity region
(for |yZ | < 1), but a suppression in the large rapidity
region (for 1 < |yZ | < 2). However, the yield with DSSZ
always gives a considerable suppression in the whole ra-
pidity region we studied. For convenience, we also insert
in Fig. 14 a comparison between the theoretical results
and the CMS data on RAA(|yZ |).
To have a simple picture of the distinction between re-
sults with EPS09 and DSSZ, one can look at the leading-
order processes for Z0 production. At LO, the Z0 boson
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FIG. 13: (Color online) The Z0 boson differential cross sec-
tion in p+p and Pb+Pb collisions at O(αs) as a function of
rapidity.
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rapidity can be connected to the parton (quark and anti-
quark) momentum fractions with the kinematic relations
x1 =
mZ√
sNN
ey
Z
, x2 =
mZ√
sNN
e−y
Z
. (10)
Then at yZ = 0 one obtains x1 = x2 = mZ/
√
sNN ∼
0.033, at which the anti-shadowing effect is nearly peaked
in EPS09 parametrization. Therefore the visible en-
hancement of Z0 yield with EPS09 in Pb+Pb relative to
that in p+p at yZ = 0 originates mainly from the anti-
shadowing effects. When going to the large |yZ | region,
Z0 bosons are produced with one of parton momentum
fractions (x1 or x2) increasing and going to the EMC ef-
fect region, while the other decreasing and going to the
shadowing region [21, 22, 49]. As a consequence, a sup-
pression gradually developes in the large |yZ | regime. For
example, if we consider Z0 boson production at yZ = 2,
then one gets x1 ∼ 0.24 and x2 ∼ 0.0045. For EPS09
nPDFs, x1 has entered the EMC region, and x2 has en-
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FIG. 15: (Color online) The flavor dependent factor
Rff¯ (y
Z, µ) as functions of Z0 boson rapidity. The factor-
ization scale is fixed at the boson mass.
tered the shadowing region, so a suppression is observed
at yZ = 2 since both shadowing and EMC effects may
reduce the total yield of Z0 gauge bosons.
To demonstrate the differences between EPS09 and
DSSZ, we plot in Fig. 15 the factor Rff¯ (y
Z , µ) for LO
subprocess f + f¯ → Z0 defined as
Rff¯ (y
Z , µ) = 12 [Rf (x1, µ)Rf¯ (x2, µ)
+ Rf (x2, µ)Rf¯ (x1, µ)] , (11)
where x1,2 is related to Z
0 rapidity according to Eq. (10).
By comparing Fig. 15 with Fig. 14, one can observe that
the factor Rff¯ roughly reflects the nuclear modification
of Z0 production. One can also see clearly in Fig. 15 that
the three partonic subprocesses (u+ u¯→ Z0, d+ d¯→ Z0,
s + s¯ → Z0) suffer similar nuclear modifications. They
demonstrate that RAA(y
Z) results mainly from the nu-
clear modifications of quark and anti-quark distributions,
and thus provide an excellent observable to measure the
nuclear modification of (anti-)quark distribution. On the
contrary as we have discussed RAA(p
Z
T ) (or RpA(p
Z
T ))
gives more information about the nuclear effects on glu-
ons.
We also investigate the rapidity distribution of Z0 in
p+Pb collisions at
√
sNN = 5.02 TeV, and the results
are shown in Fig. 16. Z0 bosons are produced in the
CMS mass window 60 GeV< mll < 120 GeV [7]. Fig-
ure 16 shows a forward-backward asymmetry of Z0 bo-
son rapidity distributions in p+Pb collisions. Compared
to p+p at
√
s = 5.02 TeV, a suppression exists in the
forward rapidity region and the enhancement shows up
in the backward direction in p+Pb collisions. We have
checked that the isospin effect just gives a slight contri-
bution to the nuclear modifications observed in Z0 ra-
pidity distribution, which implies the forward-backward
asymmetry results mainly from other CNM effects, such
as the shadowing effect. In Fig. 17 the nuclear modifi-
cation factors RpA(y
Z) are given. Using Eq. (10) one
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Z) for the Z0 production at O(αs).
finds at yZ = 0, the momentum fractions of partons
x1 = x2 = mZ/
√
sNN ∼ 0.018, which is near the junction
of the shadowing and anti-shadowing region of EPS09
nuclear modifications. Thus at yZ = 0 one finds the nu-
clear effects of Z0 boson with EPS09 are rather moderate.
Moreover, when moving to the forward rapidity regime,
parton distributions of the lead nucleus at smaller x are
depleted as compared to those in proton, we expect to get
a suppression due to the shadowing effects. And when
going to the backward regime, an enhancement occurs
due to the anti-shadowing effects with the larger x car-
ried by partons in the lead nucleus. We also show the
flavor dependent nuclear modification factor Rf (y
Z , µ)
in Fig. 18 by replacing the parton momentum fraction
x2(from the lead nucleon) with the boson rapidity y
Z by
using the Eq. (10). One can see that although nPDFs of
valence quarks are essentially the same in EPS09 and in
DSSZ, visible difference could be observed for nPDFs of
sea quark distribution.
90.9
1
1.1
EPS09
DSSZ
-3 -2 -1 0 1 2 3
0.8
0.9
1
1.1
-2 -1 0 1 2 3
yZ
R f
(yZ
,
 
µ=
m
Z)
uv
us s
dv
FIG. 18: (Color online) The flavor dependent nuclear modifi-
cation factor of EPS09 and DSSZ nPDFs as a function of yZ .
The factorization scale is fixed at the boson mass.
IV. W± BOSON PRODUCTION IN HEAVY-ION
COLLISIONS
In Section III we discussed Z0 production in nuclear
collisions, with the same approach we can also investigate
W± gauge boson production in heavy-ion collisions at
NLO and NNLO with DYNNLO.
First, we study the transverse momentum distribu-
tion of W bosons production. We plot in Fig. 19 the
pWT differential cross sections calculated at O(α2s) order.
The results of W+, W− and W (= W+ +W−) in both
p+p and Pb+Pb collisions at
√
sNN = 2.76 TeV are
shown. The final state phase space is chosen to be the
same as that in the CMS experiment, which is defined
by the transverse momentum and pseudo-rapidity of the
charge lepton (muon at CMS) as plT > 25 GeV and
|ηl| < 2.1 [3]. One can observe that, as at √s = 7 TeV
(see Fig. 5), the yields of W+ and W− in p+p collisions
at
√
s = 2.76 TeV are quite different, which is a unique
observable in W+/W− production and is referred as the
charge asymmetry in the W productions.
The W+/W− charge asymmetry originates from the
asymmetry in proton parton distributions. A dominant
contribution to this asymmetry comes from the difference
between parton distributions of u quark and d quark in
a proton, and a moderate contribution from the small
deviation between PDFs of u¯ and d¯. When computing
the transverse momentum spectra of the W+/W− pro-
ductions , the LO processes such as u + d¯ → W+ + g
and d + u¯ → W− + g connect W+ productions with u
and d¯, and W− with d and u¯. While other gluon initi-
ated LO processes like u + g → W+ + d and d + g →
W− + u also bring considerable contributions to the
asymmetry of the W+/W− productions. Therefore the
measurement of W boson charge asymmetry might give
very important constraints on the quark parton distribu-
tion functions(PDFs), especially the ratio u(x)/d(x) or
u¯(x)/d¯(x) [50].
However, in Pb+Pb collisions the yield of W+ is sup-
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FIG. 19: (Color online) The differential cross section for W
production as a function of W boson transverse momentum
pWT in p+p and Pb+Pb collisions with
√
sNN = 2.76 TeV at
O(α2s).
pressed significantly as compared to that in p+p reac-
tions, whereas the yield of W− productions is strongly
enhanced. The opposite trends of W+ and W− modi-
fications in Pb+Pb mainly result from the isospin effect
since the existence of neutrons in the large nucleus should
significantly increase (decrease) nuclear parton distribu-
tion of d quark (u quark). We emphasize that although
the differential cross sections of W+ and W− in Pb+Pb
are modified significantly relative to those in p+p, the
alteration of the yield for total W production in Pb+Pb
is rather small.
In Fig. 20 we plot nuclear modification ratio RAA(p
W
T )
at O(α2s). As we have discussed the isospin effect gives
the dominant contribution to the distinct behavior of
RW
+
AA and R
W−
AA . It is observed that the enhancement
of W− production becomes stronger with increasing pWT ,
and the considerable suppression of W+ is persistent,
which results mainly from the increased u − d asymme-
try of PDFs at large momentum fraction x.
To better understand the isospin effect and the obvious
separation of RW
+
AA and R
W−
AA , we define the asymmetry
ratio of parton PDFs in a proton as
rud(x) =
u(x)− d(x)
u(x) + d(x)
,
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FIG. 20: (Color online) the nuclear modification factors
RAA(pT ) for the W production at O(α2s).
ru¯d¯(x) =
d¯(x) − u¯(x)
d¯(x) + u¯(x)
. (12)
At LO the W bosons are mainly produced through par-
tonic subprocess with an initial-state gluon, such as
u + g → W+ + d and d¯ + g → W+ + u¯ for W+ pro-
duction, and d+ g → W− + u and u¯ + g → W− + d¯ for
W− production. If only considering the isospin effect and
neglecting the contributions of other nuclear effects (in-
cluded in the factor Rf (x)), one can write the nuclear
parton distribution functions as
fA(x) ≈ Z
A
fp(x) +
N
A
fn(x). (13)
Then we obtain some simple relations as:
uA(x)
up(x)
≈ Z −N
A
+
2N
A
1
1 + rud(x)
dA(x)
dp(x)
≈ Z −N
A
+
2N
A
1
1− rud(x) , (14)
where fA(x) is the parton distribution in nuclei and
fp(x) is that in proton. More details can be found in
the Appendix A. In Fig. 21 we plot fA(pWT )/f
p(pWT ) by
replacing the parton momentum fraction x with pWT ac-
cording to Eq. (9). By comparing Fig. 20 with Fig. 21
we can see clearly that the isospin effect gives the most
important contribution to RW
+
AA (pT ) and R
W−
AA (pT ).
Certainly other CNM effects, especially the (anti-
)shadowing may also affect the RAA(p
W
T ) of W
+, W−
and total W . In Fig. 20 we give both the results with
EPS09 and those with DSSZ nPDFs. Similar differences
between the two nPDFs for W+, W− and total W could
be observed, which is similar as we learned in the Z0
production.
To complement the study of the W production in
Pb+Pb, we also carry out the numerical simulations of
the W boson production in p+Pb collisions at
√
sNN =
5.02 TeV. The pWT differential cross sections are shown in
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FIG. 21: (Color online) The flavor dependent nuclear isospin
effect factor fA(pWT )/f
p(pWT ) given by MSTW2008 NLO
PDFs, and the factorization scale is fixed at the boson mass.
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Fig. 22 and the nuclear modification factors RpA(p
W
T ) in
Fig. 23. The calculations are made in the CMS final-state
phase space defined as plT > 25 GeV and |ηllab| < 2.5 [6].
Compared to that in Pb+Pb collisions, the isospin effect
results in a similar but weaker nuclear modification in
p+Pb collisions.
To study the difference of W+ and W− in p+p and
heavy-ion collisions, CMS collaboration has measured the
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FIG. 23: (Color online) The nuclear modification ratio
RpA(p
W
T ) for the W production at O(α2s).
so-called charge asymmetry observable defined as
A =
NW+ −NW−
NW+ +NW−
. (15)
Figure 24 shows the dependence of the charge asym-
metry observable on pseudorapidity of the absolute value
of charged lepton at O(αs) (NLO) and O(α2s) (NNLO)
for both p+p and Pb+Pb collisions. One could observe
that for p+p reactions, the charge asymmetry is always
positive in the whole region |ηµ| < 2.1. For Pb+Pb, the
charge asymmetry is positive in |ηµ| . 1 and then de-
creases to be negative in 1 . |ηµ| . 2.1. And the NNLO
calculations give negligible corrections to the NLO re-
sults. It is also found that EPS09 and DSSZ give very
similar charge asymmetries in Pb+Pb collisions, even
though the two nPDFs give different nuclear modifica-
tions Rf (x, µ). Our theoretical calculation give a decent
description of the CMS data [3].
In Fig. 25 we provide the numerical results on charge
asymmetry as a function of the charged lepton pseudo-
rapidity in p+A collisions at
√
sNN = 5.02 TeV. The re-
sults agree well with the CMS preliminary data [6]. The
theoretical simulation of the charge asymmetry observ-
able in p+p and Pb+Pb collisions at 5.02 TeV are also
plotted for comparison, which are symmetric with ηlc.m.,
the charged lepton pseudorapidity in the center-of-mass
frame.
It is interesting to observe that the curve of p+Pb colli-
sions is lying between those of p+p and Pb+Pb collisions.
To be specific, it goes gradually closer to the p+p curve
in the forward direction, while it approaches the Pb+Pb
curve in the backward direction. As in our previous dis-
cussions, the differences among these curves mainly orig-
inate from the isospin effect. And the magnitude of the
isospin effect is related to parton distribution asymmetry
ratios such as rud(x). In p+Pb collisions, the W produc-
tion at very forward region is dominated by sub-processes
with nuclear partons at very small momentum fraction x,
where rud(x) (or ru¯d¯(x) ) is rather small. So the isospin
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dorapidity in p+p and Pb+Pb at
√
sNN = 2.76 TeV. The
CMS data are taken from Ref. [3]
effect becomes weaker in that region. With similar argu-
ments we can find that the charge asymmetry in the very
backward region for Pb+Pb collisions will be very close
to that for p+Pb collisions.
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FIG. 25: (Color online) The charge asymmetry (NW+ −
NW− )/(NW+ + NW− ) as a function of the charged lepton
pseudorapidity for W boson productions in p+p, p+Pb and
Pb+Pb at
√
sNN = 5.02 TeV. The CMS preliminary data for
p+Pb collisions are taken from Ref. [6].
Only the pseudorapidity dependence of the charge
asymmetry was measured so far at the LHC. [3, 6, 9].
In this work, we also study another related observable:
the boson transverse momentum dependence of charge
asymmetry. The theoretical predictions for p+p, p+Pb
and Pb+Pb collisions at 5.02 TeV are plotted in Fig. 26.
The boson rapidity region is chosen to be |yWc.m.| < 0.5.
To have a better understanding of the distinct trends of
three curves in Fig. 26 we can again resort to an analysis
of the isospin effect. In pA and AA collisions, the parton
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distribution asymmetry ratios could be written as
rpAud (x) =
up(x) + uA(x) − dp(x) − dA(x)
up(x) + uA(x) + dp(x) + dA(x)
,
rAAud (x) =
uA(x)− dA(x)
uA(x)− dA(x) . (16)
If focusing on only the isospin effect and neglecting
(smaller) contributions from other CNM effects, as dis-
cussed in the Appendix A, we derive some simple rela-
tions such as
rpAud (x) ≈
Z
A
rppud(x) , r
AA
ud (x) ≈
Z −N
A
rppud(x),
rpAud (x) ≈
1
2
[rppud(x) + r
AA
ud (x)], (17)
and rppud(x) ≡ rud(x). We can also obtain similar rela-
tions for the ratio ru¯d¯(x). In Fig. 27 we plot rud(p
W
T ) and
ru¯d¯(p
W
T ) given by Eq. (17) for p+p, p+Pb and Pb+Pb,
TABLE III: The inclusive cross sections for W+, W− and
total W at
√
sNN = 2.76 TeV, and the corresponding nu-
clear modification factor RAA. The CMS data are taken from
Ref. [3]
W production O(α2s) O(α2s) CMS norm. cross
Process EPS09 DSSZ section [nb]/∆η
PbPb→ W+ 0.235 0.229 0.28± 0.02 ± 0.02
PbPb→W− 0.212 0.205 0.27± 0.02 ± 0.02
pp→ W+ 0.316 (←MSTW) 0.34± 0.02 ± 0.02
pp→W− 0.178 0.18± 0.01 ± 0.01
O(α2s) O(α2s) CMS
RAA EPS09 DSSZ Data
W+ 0.744 0.725 0.82± 0.07 ± 0.09
W− 1.191 1.152 1.46± 0.14 ± 0.16
W 0.905 0.879 1.04± 0.07 ± 0.12
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FIG. 27: (Color online) The parton asymmetry ratio rud and
ru¯d¯ as functions of the boson transverse momentum p
W
T in
p+p, p+Pb and Pb+Pb at
√
sNN = 5.02 TeV. The results
are given by MSTW2008 PDFs at NLO, and the factorization
scale is fixed at the boson mass.
where pWT is related to the momentum fraction x accord-
ing to Eq. (9). Fig. 27 shows at small pWT (corresponding
to small x) region, three curves are very close to each
other. From Fig. 26 and Fig. 27 one can see that the
charge asymmetry as a function of pWT might shed light
on the parton distribution asymmetry ratios rud(x) and
ru¯d¯(x).
For the completeness in TABLE. III we list the the-
oretical results of the normalized total cross section
〈Ncoll〉−1σ/∆η in the CMS final state phase space with
∆η = 4.2 at the NNLO, and the related nuclear modifi-
cation factor RAA. CMS data are also provided for com-
parison. We can see that the NNLO calculations agree
with the experimental data within the experiment error
bars.
V. SUMMARY AND CONCLUSIONS
The massive gauge boson production and decaying to a
lepton pair provide a clean process to test pQCD working
at the LHC energies for both hadronic and nuclear levels.
In heavy-ion reactions, since the final state interaction
on the gauge boson production could be neglected, the
weak vector boson could be a good probe of CNM effects,
and the precise comparison between the theory and the
experimental data may impose important constraints on
the nuclear PDFs.
In this paper we have investigated heavy gauge bosons
production in heavy-ion collisions at the LHC at NLO
and NNLO with DYNNLO program within the frame-
work of perturbative QCD. To consider the CNM effects,
two recently published parametrization sets of nuclear
parton distribution, EPS09 and DSSZ have been used
in our simulations. We have provided the numerical re-
sults for the transverse momentum spectra and rapidity
dependence of Z0 and W+/W−, the nuclear modifica-
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tion factors for W and Z0 particles as well as the charge
asymmetry for W boson productions.
For Z0 production it is found that calculations at
O(α2s) can give a satisfactory description of the trans-
verse momentum spectrum of Z0 boson in Pb+Pb col-
lisions recently measured by CMS Collaboration. And
the theoretical predictions for Z0 boson pT distribution
in p+Pb and the yield of Z0 boson in p+Pb and Pb+Pb
as a function of rapidity have been made. Differences
between the results with EPS09 and DSSZ could be ob-
served in the transverse momentum and rapidity depen-
dence of Z0 productions. It has been shown that the
partonic subprocess with at least one initial-state gluon
gives dominant contribution to the pT distribution of Z
0
boson, and thus Z0 nuclear modification factor R(pZT ) as
a function of transverse momentum is an optimal tool
to study the alterations of gluon distribution in nuclear.
However, the CNM effects on Z0 yield as functions of the
Z0 boson rapidity are dominated by the nuclear mod-
ifications on the (valence and sea) quark distributions,
therefore R(yZ) may provide important information on
the nuclear modifications of quark distribution functions.
The CNM effects on total W = (W+ +W−) produc-
tion are similar to those in Z0 production. However,
for the separate production of W+ or W−, the isospin
effect gives the most important contribution to the mod-
ification of W+ or W− yield in both p+A collisions at√
sNN = 5.02 TeV and Pb+Pb at
√
sNN = 2.76 TeV
relative to that in elementary p+p reactions. We find
that the parton distribution asymmetry ratios rud(x)
and ru¯d¯(x) for proton could reflect the magnitude of
the isospin effect and provide an understanding of the
overall trends of RAA(p
W
T ) and RpA(p
W
T ) for W produc-
tion. In particular we have calculated the charge asym-
metry (NW+ − NW−)/(NW+ + NW−) as a function of
the charged lepton pseudorapidity in p+Pb and Pb+Pb
collisions and compared them with the latest CMS mea-
surement, and a good agreement between theory and
experiment has been seen. It is interesting to show
that at the same colliding energy the charge asymme-
try in p+Pb collision may approach that in p+p collision
at forward direction of the charge lepton pseudorapid-
ity , but approach that in Pb+Pb at backward direc-
tion. Theoretical predictions for the charge asymmetry
(NW+−NW−)/(NW+ +NW−) as a function of the trans-
verse momentum in future heavy-ion experiments have
been provided and it is shown that the charge asymme-
try in p+p, p+Pb and Pb+Pb may be more pronounced
in large pWT region.
In the current study we have not included the possi-
ble effect of parton energy loss in cold nuclear matter on
massive gauge boson production, which has been found
to be rather small [41]. Moreover, here we focused on
Z0 and W± productions in minimum bias (MB) nuclear
collisions and have not considered the centrality depen-
dence of gauge boson productions in heavy-ion collisions.
We may delegate these discussions to other works in the
future.
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Appendix A: The isospin effect
For proton, one has
rud(x) =
u(x)− d(x)
u(x) + d(x)
,
u(x)
d(x)
=
1 + rud(x)
1− rud(x) =
2
1− rud(x) − 1,
d(x)
u(x)
=
1− rud(x)
1 + rud(x)
=
2
1 + rud(x)
− 1. (A1)
For parton distributions in nucleus, if we only consider
the isospin effect and neglect contributions of other CNM
effects, then
uA(x) ≈ Z
A
u(x) +
N
A
d(x),
dA(x) ≈ Z
A
d(x) +
N
A
u(x). (A2)
Furthermore we obtain
uA(x)
up(x)
≈
Z
Au(x) +
N
A d(x)
u(x)
=
Z −N
A
+
2N
A
1
1 + rud(x)
, (A3)
and
dA(x)
dp(x)
≈
Z
Ad(x) +
N
A u(x)
d(x)
=
Z −N
A
+
2N
A
1
1− rud(x) . (A4)
For the parton distribution asymmetries in p+A and
A+A collisions, one has
rpAud (x) =
up(x) + uA(x)− dp(x)− dA(x)
up(x) + uA(x) + dp(x) + dA(x)
≈ Z
A
rud(x) ≡ Z
A
rppud(x)
(A5)
and
rAAud (x) =
uA(x) − dA(x)
uA(x) + dA(x)
≈ Z −N
A
rud(x) ≡ Z −N
A
rppud(x).
(A6)
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And one can easily obtain the following relation as
1
2
[rppud(x) + r
AA
ud (x)] ≈
Z
A
rppud(x) ≈ rpAud (x) (A7)
[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 697,
294 (2011) [arXiv:1012.5419 [hep-ex]].
[2] S. Chatrchyan et al. [CMS Collaboration], Phys. Rev.
Lett. 106, 212301 (2011) [arXiv:1102.5435 [nucl-ex]].
[3] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B
715, 66 (2012) [arXiv:1205.6334 [nucl-ex]].
[4] G. Aad et al. [ATLAS Collaboration], Phys. Rev. Lett.
110, 022301 (2013) [arXiv:1210.6486 [hep-ex]].
[5] The ATLAS collaboration, ATLAS-CONF-2014-020,
ATLAS-COM-CONF-2014-028.
[6] CMS Collaboration [CMS Collaboration], CMS-PAS-
HIN-13-007.
[7] CMS Collaboration [CMS Collaboration], CMS-PAS-
HIN-14-003.
[8] R. Aaij et al. [LHCb Collaboration], JHEP 1409, 030
(2014) [arXiv:1406.2885 [hep-ex]].
[9] G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C
75, no. 1, 23 (2015) [arXiv:1408.4674 [hep-ex]].
[10] S. Chatrchyan et al. [CMS Collaboration],
arXiv:1410.4825 [nucl-ex].
[11] S. D. Drell and T. M. Yan, Phys. Rev. Lett. 25, 316
(1970); 25, 902 (1970).
[12] V. Kartvelishvili, R. Kvatadze and R. Shanidze, Phys.
Lett. B 356, 589 (1995) [hep-ph/9505418].
[13] Z. Conesa del Valle, A. Dainese, H.-T. Ding, G. Martinez
Garcia and D. C. Zhou, Phys. Lett. B 663, 202 (2008)
[arXiv:0712.0051 [hep-ph]].
[14] Z. Conesa del Valle, Eur. Phys. J. C 61, 729 (2009)
[arXiv:0903.1432 [hep-ex]].
[15] R. Vogt, Phys. Rev. C 64, 044901 (2001)
[hep-ph/0011242].
[16] H. Paukkunen and C. A. Salgado, JHEP 1103, 071
(2011) [arXiv:1010.5392 [hep-ph]].
[17] V. Guzey, M. Guzzi, P. M. Nadolsky, M. Strikman and
B. Wang, Eur. Phys. J. A 49, 35 (2013) [Eur. Phys. J. A
49, 35 (2013)] [arXiv:1212.5344 [hep-ph]].
[18] Z. B. Kang and J. W. Qiu, Phys. Lett. B 721, 277 (2013)
[arXiv:1212.6541].
[19] J. L. Albacete, N. Armesto, R. Baier, et al., Int. J. Mod.
Phys. E 22, 1330007 (2013) [arXiv:1301.3395 [hep-ph]].
[20] S. Catani, L. Cieri, G. Ferrera, D. de Florian, and
M. Grazzini, Phys. Rev. Lett. 103, 082001 (2009);
S. Catani and M. Grazzini, Phys. Rev. Lett. 98, 222002
(2007).
[21] K. J. Eskola, H. Paukkunen and C. A. Salgado, JHEP
0904, 065 (2009) [arXiv:0902.4154 [hep-ph]].
[22] D. de Florian, R. Sassot, P. Zurita and M. Stratmann,
Phys. Rev. D 85, 074028 (2012) [arXiv:1112.6324 [hep-
ph]].
[23] R. D. Field, Applications of Perturbative QCD, Addison-
Wesley, Reading, MA, 1995.
[24] R. K. Ellis, W. J. Stirling, and B. R. Webber, QCD
and Collider Physics, Cambridge University Press, Cam-
bridge, England, 2003.
[25] W. T. Giele and E. W. N. Glover, Phys. Rev. D 46, 1980
(1992); W. T. Giele, E. W. N. Glover, and D. A. Kosower,
Nucl. Phys. B403, 633 (1993).
[26] S. Frixione, Z. Kunszt, and A. Signer, Nucl. Phys. B467,
399 (1996); S. Frixione, Nucl. Phys. B507, 295 (1997).
[27] S. Catani and M. H. Seymour, Nucl. Phys. B485, 291
(1997); B510, 503 (1998).
[28] K. Melnikov and F. Petriello, Phys. Rev. D 74, 114017
(2006). R. Gavin, Y. Li, F. Petriello and S. Quackenbush,
Comput. Phys. Commun. 182, (2011) 2388.
[29] J. M. Campbell, H. B. Hartanto and C. Williams, JHEP
1211, 162 (2012) [arXiv:1208.0566 [hep-ph]]. J. Camp-
bell, R. K. Ellis, and C. Williams, MCFM - Monte Carlo
for FeMtobarn processes, http://mcfm.fnal.gov
[30] C. T. H. Davis, W. J. Stirling, Nucl. Phys. B 224 (1984)
337.
[31] J. C. Collins, D. E. Soper, G. F. Sterman, Nucl. Phys. B
250 (1985) 199.
[32] X. -F. Zhang and G. I. Fai, Phys. Lett. B 545,91 (2002)
[33] F. Landry, R. Brock, P. M. Nadolsky and C. P. Yuan,
Phys. Rev. D 67, 073016 (2003) [hep-ph/0212159].
[34] G. Bozzi, S. Catani, G. Ferrera, D. de Florian
and M. Grazzini, Phys. Lett. B 696, 207 (2011)
[arXiv:1007.2351 [hep-ph]].
[35] A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt,
Eur. Phys. J. C 63, 189 (2009) [arXiv:0901.0002 [hep-
ph]].
[36] C. Anastasiou, L. J. Dixon, K. Melnikov and F. Petriello,
Phys. Rev. D 69, 094008 (2004) [hep-ph/0312266].
[37] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 705,
415 (2011) [arXiv:1107.2381 [hep-ex]].
[38] S. Chatrchyan et al. [CMS Collaboration], Phys. Rev. D
85, 032002 (2012) [arXiv:1110.4973 [hep-ex]].
[39] G. Aad et al. [ATLAS Collaboration], Phys. Rev. D 85,
012005 (2012) [arXiv:1108.6308 [hep-ex]].
[40] W. Dai, S. Y. Chen, B. W. Zhang and E. K. Wang, Com-
mun. Theor. Phys. 59, 349 (2013).
[41] R. B. Neufeld, I. Vitev and B.-W. Zhang, Phys. Rev. C
83, 034902 (2011) [arXiv:1006.2389 [hep-ph]].
[42] W. Dai, I. Vitev and B. W. Zhang, Phys. Rev. Lett. 110,
142001 (2013) [arXiv:1207.5177 [hep-ph]].
[43] A. Schafer, X. N. Wang and B. W. Zhang, Nucl. Phys.
A 793, 128 (2007) [arXiv:0704.0106 [hep-ph]].
[44] R. B. Neufeld, I. Vitev and B. W. Zhang, Phys. Lett. B
704, 590 (2011) [arXiv:1010.3708 [hep-ph]].
[45] H. Xing, Y. Guo, E. Wang and X. N. Wang, Nucl. Phys.
A 879, 77 (2012) [arXiv:1110.1903 [hep-ph]].
[46] D. G. d’Enterria, nucl-ex/0302016.
[47] C. Loizides, J. Nagle and P. Steinberg, arXiv:1408.2549
[nucl-ex].
[48] Y. He, B. W. Zhang and E. Wang, Eur. Phys. J. C 72,
1904 (2012) [arXiv:1110.6601 [hep-ph]].
[49] N. Armesto, J. Phys. G 32, R367 (2006)
[hep-ph/0604108].
[50] R. Yang, J. C. Peng and M. Große-Perdekamp, Phys.
Lett. B 680, 231 (2009) [arXiv:0905.3783 [nucl-ex]].
